Is the $X17$ composed of four bare quarks? by Chen, Hua-Xing
Is the X17 composed of four bare quarks?
Hua-Xing Chen
School of Physics, Southeast University, Nanjing 210094, China
School of Physics, Beihang University, Beijing 100191, China
When studying tetraquark states using the method of QCD sum rules, we find some tetraquark
currents, such as u¯LγµdL d¯Lγ
µuL and u¯LγµdL d¯Rγ
µuR, etc. We calculate their correlation functions
using the method of operator product expansion, and find that non-perturbative QCD effects do
not contribute much to them. This indicates the possible existence of tetraquark states composed
of bare quarks with abnormally small masses. We study the possible assignment of the X17 as such
a state. We argue that the Atomki experiments might observe a new type of nuclear decay process,
where sea quarks take away the extra energy of the nucleus. A unique feature of this tetraquark
assignment is that we predict two almost degenerate states with significantly different widths.
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I. INTRODUCTION
In Ref. [1] Krasznahorkay et al. studied the internal
(electron-positron) pair creation process, and observed
an anomaly in the decay of the excited 8Be∗ at 18.15 MeV
with JP = 1+ into the ground-state 8Be with JP = 0+.
In this experiment, a highly significant structure with the
mass M = 16.70 ± 0.35 ± 0.5 MeV was observed, whose
width was suggested to be Γ ≈ 0.07 eV. Later in Ref. [2]
the same group announced a similar anomaly in the decay
of the excited 4He∗ at 21.01 MeV with JP = 0− into the
ground-state 4He with JP = 0+. In this experiment the
same/similar structure was observed, whose mass and
width were measured to be M = 16.84±0.16±0.20 MeV
and Γ ≈ 3.9× 10−5 eV. However, this structure was not
observed in the bremsstrahlung reaction e−Z → e−ZX
performed by NA64 [3, 4], so its existence still needs to
be confirmed in future experiments.
Since the above two mass values are both about
17 MeV, this structure is called the “X17”, although
the two width values are much different. Its observations
quickly attracted lots of interests from theorists, and var-
ious explanations were proposed, such as a fifth force [5–
13], new and/or dark matter [14–28], and axions [29–32],
etc. More discussions can be found in Refs. [33–41]. Be-
sides, there exist some theoretical studies [42, 43] at the
QCD level using quarks and hadrons, which provide al-
ternative assignments for the X17.
In this paper we study the X17 also at the QCD level.
The idea originates from our previous QCD sum rule
studies on light tetraquark states of JP = 0± [44–48],
based on which we find two interpolating currents,
JLL = u¯
a
Lγµd
a
L d¯
b
Lγ
µubL ,
JLR = u¯
a
Lγµd
a
L d¯
b
Rγ
µubR ,
as well as their chiral partners,
JRL = u¯
a
Rγµd
a
R d¯
b
Lγ
µubL ,
JRR = u¯
a
Rγµd
a
R d¯
b
Rγ
µubR .
Here a and b are color indices, and the sum over repeated
indices is taken; uL/R and dL/R are the left/right-handed
up and down quark fields, respectively.
In this paper we shall calculate their two-point corre-
lation functions using the method of operator product
expansion (OPE), and find that non-perturbative QCD
effects do not contribute much to them. Hence, these
tetraquark currents may behave as the “singular points”
of the strong interaction. As we know, masses of hadrons
are always significantly larger than masses of their va-
lence quarks inside, and the extra masses are mainly re-
sponsible by the non-perturbative nature of strong inter-
action in the low energy region. Given the very limited
non-perturbative QCD contributions, one naturally won-
ders whether the tetraquark states XLL/LR/RL/RR cor-
responding to JLL/LR/RL/RR can still have the normal
hadron masses at the GeV level, if such states exist.
In this paper we shall assume the existence of
XLL/LR/RL/RR and study them using the method of
QCD sum rules. Our results suggest that these
tetraquark states do have abnormally small masses, so
they can be taken as combinations of bare quarks. This
inspires us to investigate the possible assignment of the
X17 as such a tetraquark state, based on which we shall
study its possible production and decay mechanisms. We
argue that the Atomki experiments [1, 2] might observe a
new type of nuclear decay process, similar to the evapo-
ration or the sublimation process in some aspects, where
sea quarks take away the extra energy of the nucleus.
We shall find the unique feature of this tetraquark as-
signment that we predict two almost degenerate states
with significantly different widths.
This paper is organized as follows. In Sec. II we con-
struct the interpolating currents that are needed to study
the X17. In Sec. III we investigate these currents at the
quark-gluon level using the method of operator product
expansion (OPE), where we pay special attention to non-
perturbative QCD effects. The obtained QCD sum rule
expressions are listed in Appendix A. In Sec. IV we in-
vestigate these currents at the hadron level, where we
estimate their masses and study their possible produc-
tion and decay mechanisms. In Sec. V we discuss the
results and offer a summary.
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2II. TETRAQUARK CURRENTS
There exist lots of tetraquark interpolating currents
composed of two quark and two antiquark fields. To
write them, Lorentz and color indices are contracted with
suitable coefficients Cµνρσabcd to provide necessary quantum
numbers,
J(x) = Cµνρσabcd q¯
a
µ(x) q¯
b
ν(x) q
c
ρ(x) q
d
σ(x) , (1)
where q(x) represents an up or down quark field; µ, ν, ρ, σ
are Dirac spinor indices; a, b, c, d are color indices; the
sum over repeated indices is taken. Note that currents
need not to have definite quantum numbers in principle.
For examples, the vector meson current Jρ
+
µ = d¯γµu cou-
pling to the ρ+ meson does not have a C-parity, and the
weak neutral current does not have a P -parity.
In the past years we have used many tetraquark cur-
rents to study tetraquark states through the method of
QCD sum rules [44–48]. All of them have definite P -
parities, either P = + or P = −. A naive question is
whether we can study some tetraquark current without
a definite P -parity. The answer is yes in practice, i.e., we
can always use the method of operator product expansion
to calculate its two-point correlation function, no matter
whether it has a definite P -parity or not.
We have studied scalar tetraquark currents of JP = 0+
in Refs. [44–46], and pseudoscalar tetraquark currents of
JP = 0− in Refs. [47, 48]. Based on these results, we find
the following two currents,
JLL = u¯
a
Lγµd
a
L d¯
b
Lγ
µubL (2)
= u¯aγµ
1− γ5
2
da d¯bγµ
1− γ5
2
ub ,
JLR = u¯
a
Lγµd
a
L d¯
b
Rγ
µubR (3)
= u¯aγµ
1− γ5
2
da d¯bγµ
1 + γ5
2
ub ,
have the special property that non-perturbative QCD ef-
fects do not contribute much to them within the method
of QCD sum rules. So do their chiral partners:
JRL = u¯
a
Rγµd
a
R d¯
b
Lγ
µubL (4)
= u¯aγµ
1 + γ5
2
da d¯bγµ
1− γ5
2
ub ,
JRR = u¯
a
Rγµd
a
R d¯
b
Rγ
µubR (5)
= u¯aγµ
1 + γ5
2
da d¯bγµ
1 + γ5
2
ub .
We shall detailedly discuss them in the following sections.
For comparisons, we shall investigate several other
tetraquark currents with definite P -parities:
JV V = u¯
aγµd
a d¯bγµub , (6)
JAA = u¯
aγµγ5d
a d¯bγµγ5u
b , (7)
JV A = u¯
aγµd
a d¯bγµγ5u
b , (8)
JAV = u¯
aγµγ5d
a d¯bγµub . (9)
The former two JV V and JAA are scalar tetraquark cur-
rents of JP = 0+, and the latter two JV A and JAV are
pseudoscalar tetraquark currents of JP = 0−.
We shall also separately investigate the positive- and
negative-parity components of JLL/LR/RL/RR:
JLL = JLL;+ + JLL;− , (10)
JLR = JLR;+ + JLR;− , (11)
JRL = JLR;+ − JLR;− , (12)
JRR = JLL;+ − JLL;− , (13)
where JLL;+ and JLR;+ have the positive parity P = +,
and JLL;− and JLR;− have the negative parity P = −:
JLL;+ = +
1
4
JV V +
1
4
JAA , (14)
JLL;− = −1
4
JV A − 1
4
JAV , (15)
JLR;+ = +
1
4
JV V − 1
4
JAA , (16)
JLR;− = +
1
4
JV A − 1
4
JAV . (17)
The tetraquark currents JLL/LR/RL/RR can be sepa-
rated into two color-singlet “chiral” quark-antiquark cur-
rents, which we shall study in Sec. IV B:
JµL = u¯
a
Lγ
µdaL = u¯
aγµ
1− γ5
2
da , (18)
JµR = u¯
a
Rγ
µdaR = u¯
aγµ
1 + γ5
2
da . (19)
In Sec. IV E we shall study possible decay processes of
JLL/LR/RL/RR. To do this, we apply the Fierz transfor-
mation on them to obtain:
JLL = u¯
a
Lγµd
a
L d¯
b
Lγ
µubL → u¯aLγµubL d¯bLγµdaL , (20)
JLR = u¯
a
Lγµd
a
L d¯
b
Rγ
µubR → −2 u¯aLubR d¯bRdaL , (21)
JRL = u¯
a
Rγµd
a
R d¯
b
Lγ
µubL → −2 u¯aRubL d¯bLdaR , (22)
JRR = u¯
a
Rγµd
a
R d¯
b
Rγ
µubR → u¯aRγµubR d¯bRγµdaR . (23)
III. QUARK-LEVEL CALCULATIONS
In the past decades the method of QCD sum rules
has proven to be a very powerful and successful non-
perturbative method [49, 50]. In this method we consider
the two-point correlation function,
Π(q2) ≡ i
∫
d4x eiqx 〈0|T [J(x)J†(0)] |0〉 , (24)
at both quark-gluon and hadron levels. In this section
we study it at the quark-gluon level using the method of
operator product expansion (OPE).
3A. Operator Product Expansion (OPE)
Taking JLL as an example, we insert it into Eq. (24),
and calculate its correlation function ΠLL(q
2) using the
method of operator product expansion (OPE). In the cal-
culation we use the following quark propagator [49–52]:
iSab(x) ≡ 〈0|T [qa(x)q¯b(0)] |0〉 (25)
=
iδabxˆ
2pi2x4
− δ
ab
4pi2x2
mq +
iδabxˆ
8pi2x2
m2q
+
i
32pi2
gc
λnab
2
Gnµν
1
x2
(σµν xˆ+ xˆσµν)
−δ
ab
12
〈q¯q〉+ δ
abx2
192
〈gcq¯σGq〉
+
iδabxˆ
48
mq〈q¯q〉 − iδ
abx2xˆ
1152
mq〈gcq¯σGq〉 ,
where xˆ = γµx
µ; mq is the current quark mass; 〈q¯q〉
and 〈gcq¯σGq〉 are the [D(imenion) = 3] quark condensate
and [D = 5] quark-gluon mixed condensate, respectively;
the [D = 4] and [D = 6] gluon condensates 〈g2cGG〉 ≡
〈g2cGaµνGaµν〉 and 〈g3cfGGG〉 ≡ 〈g3cfabcGaµνGbνρGcρµ〉 can
be obtained by contracting two and three gluon fields,
respectively.
For the tetraquark currents JLL/LR/RL/RR, we have
calculated all the leading-order Feynman diagrams, in-
cluding:
• the perturbative term, as shown in Fig. 1(a);
• the gluon condensates 〈g2cGG〉 and 〈g3cfGGG〉, as
shown in Figs. 1(b);
• the quark condensates 〈q¯q〉, 〈q¯q〉2, 〈q¯q〉3, and 〈q¯q〉4
(disconnected), as shown in Figs. 1(c);
• the quark-gluon mixed condensates 〈gcq¯σGq〉,
〈gcq¯σGq〉2, 〈gcq¯σGq〉3, and 〈gcq¯σGq〉4 (discon-
nected), as shown in Figs. 1(d);
• their combinations, as shown in Figs. 1(e) and
Figs. 1(f).
For these diagrams, we use non-zero current quark masses
(mu/d 6= 0).
Besides them, we have calculated the following next-
to-leading-order Feynman diagrams:
• the O(αs) corrections to the perturbative term, as
shown in Fig. 2(g);
• the O(αs) corrections to quark condensates, as
shown in Figs. 2(h);
• the O(αs) corrections to quark-gluon mixed con-
densates, as shown in Figs. 2(i);
• the O(αs) corrections to their combinations, as
shown in Figs. 2(j).
For these diagrams, we use zero current quark masses
(mu/d → 0). The results for Fig. 2(g) are partly taken
from Ref. [53], where the O(αs) corrections to the per-
turbative term were systematically studied for all light
scalar tetraquark currents.
Still taking JLL as an example, we use the method of
operator product expansion (OPE) to calculate its cor-
relation function ΠLL(q
2), and then use the Borel trans-
formation with the truncation at the threshold value s0
to obtain
ΠLL(s0,M
2
B) = Bq2→M2BΠLL(q
2) (26)
=
∫ s0
0
(
s4
81920pi6
(
1 +
αs
pi
(
57
5
+ 2 ln
[
µ2
MS
s
]))
+
s2
256pi4
(
mu +md
)
〈q¯q〉
+
s
256pi4
(
mu +md
)
〈gcq¯σGq〉
)
e−s/M
2
B ds .
We also extract its spectral density ρOPELL (s) to be:
ρOPELL (s) =
s4
81920pi6
(
1 +
αs
pi
(
57
5
+ 2 ln
[
µ2
MS
s
]))
+
s2
256pi4
(
mu +md
)
〈q¯q〉
+
s
256pi4
(
mu +md
)
〈gcq¯σGq〉 , (27)
where ΠLL(q
2) and ρOPELL (s) are related to each other
through the dispersion relation:
ΠLL(q
2) =
∫ ∞
0
ρOPELL (s)
s− q2 − iεds . (28)
In Eq. (26) we have performed the OPE calculation up
to the twentieth dimension (D = 20), during which we try
to calculate as many terms as we can. Here we only keep
the terms up to the O(mq) order, while a more detailed
expression is given in Appendix A. Sum rules obtained
using the other three tetraquark currents JLR/RL/RR are
just the same:
ΠLL(q
2) = ΠLR(q
2) = ΠRL(q
2) = ΠRR(q
2) . (29)
We clearly see from Eq. (26) that it only contains the
perturbative terms (Fig. 1(a) and Fig. 2(g)) and two non-
perturbative terms depending on current quark masses
(Fig. 1(c−1) and Fig. 1(d−1)). The leading-order per-
turbative term can not give a normal hadron mass by
itself, while it is highly doubtful that the O(αs) correc-
tions to the perturbative term could do this. Besides, the
contributions of the latter two terms, which contain the
current up and down quark masses, to hadron masses are
usually thought to be at the
(
md+mu
md−mu ≈ 3 times
)
isospin
breaking (MeV) level [51, 52]. Therefore, Eq. (26) in-
dicates an abnormal mass significantly smaller than the
normal hadron mass at the GeV level.
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FIG. 1: Leading-order Feynman diagrams for tetraquark interpolating currents, including the perturbative term (a), gluon
condensates (b), quark condensates (c), quark-gluon mixed condensates (d), and their combinations (e and f).
5(g)
(h−1) (h−2) (h−3) (h−4)
(h−5) (h−6) (h−7) (h−8)
(i−1) (i−2) (i−3) (i−4)
(i−5) (i−6) (i−7) (i−8)
(j−1) (j−2) (j−3) (j−4)
(j−5) (j−6) (j−7) (j−8)
(j−9) (j−10) (j−11) (j−12)
• • • • • •
FIG. 2: Next-to-leading-order Feynman diagrams for tetraquark interpolating currents, including the O(αs) corrections to the
perturbative term (g), to quark condensates (h), to quark-gluon mixed condensates (i), and to their combinations (j).
6For comparisons, we also perform QCD sum rule anal-
yses using the other eight tetraquark currents JV V , JAA,
JV A, JAV , JLL;+, JLL;−, JLR;+, and JLR;−. For these
currents, we calculate all the leading-order terms up to
the twelfth dimension (D = 12) and up to the O(mq) or-
der, while we calculate the next-to-leading-order terms
only for Fig. 2(h−8). The results are listed in Ap-
pendix A. We shall numerically compare them with
Eq. (26) in the next subsection.
B. Numerical Analyses
In this subsection we perform numerical analyses using
the sum rules obtained in the previous subsection. To do
this we use the following values of current quark masses
and various quark and gluon condensates [51, 54–60]:
αs(1 GeV) = 0.408± 0.016 ,
mu(1 GeV) = 3.0
+0.7
−0.5 MeV ,
md(1 GeV) = 6.3
+0.7
−0.4 MeV ,
〈g2cGG〉 = 0.48± 0.14 GeV4 , (30)
〈q¯q〉 = −(0.24± 0.01)3 GeV3 ,
〈gcq¯σGq〉 = −M20 × 〈q¯q〉 ,
M20 = (0.8± 0.2) GeV2 .
Using µ2
MS
= s0 = M
2
B = 1 GeV
2 (standard QCD sum
rule parameters for light scalar mesons [45, 46, 53]), we
numerically calculate Eq. (26) to be:
ΠLL(s0 = M
2
B = 1 GeV
2) (31)
=
(
1.1 [LO] + 1.7 [NLO]− 0.8 [D4] + 1.1 [D6]
)
· 10−9 GeV10 .
From the above expression, we find that the O(αs) cor-
rections to the perturbative term ([NLO]) are similar to
the leading-order perturbative term ([LO]). So do the two
non-perturbative terms of [D = 4] and [D = 6]. However,
the summation of the non-perturbative terms is signifi-
cantly smaller than the summation of the perturbative
terms. Moreover, all the [D > 6] terms vanish, making
this OPE converge very well.
Then we numerically calculate Eq. (A7), Eq. (A8),
and Eq. (A9), which are obtained using JV V , JAA, and
JV A/AV , respectively:
1
4
·ΠV V (s0 = M2B = 1 GeV2) (32)
=
(
1.1 [LO] + 159 [D6]− 307 [D8]
+ 28 [D10] + 6.1 [D12] + · · ·
)
· 10−9 GeV10 ,
1
4
·ΠAA(s0 = M2B = 1 GeV2) (33)
=
(
1.1 [LO]− 1.7 [D4]− 157 [D6] + 307 [D8]
− 19 [D10] + 27 [D12] + · · ·
)
· 10−9 GeV10 ,
1
4
·ΠV A/AV (s0 = M2B = 1 GeV2) (34)
=
(
1.1 [LO]− 0.8 [D4] + 1.1 [D6]
− 4.1 [D10]− 16 [D12] + · · ·
)
· 10−9 GeV10 .
We also numerically calculate Eq. (A10) and Eq. (A11),
which are obtained using JLL/LR;+ and JLL/LR;−, re-
spectively:
2 ·ΠLL/LR;+(s0 = M2B = 1 GeV2) (35)
=
(
1.1 [LO]− 0.8 [D4] + 1.1 [D6]
+ 4.1 [D10] + 16 [D12] + · · ·
)
· 10−9 GeV10 ,
2 ·ΠLL/LR;−(s0 = M2B = 1 GeV2) (36)
=
(
1.1 [LO]− 0.8 [D4] + 1.1 [D6]
− 4.1 [D10]− 16 [D12] + · · ·
)
· 10−9 GeV10 .
In the above expressions we have rescaled all the leading-
order perturbative terms ([LO]) to be the same as
Eq. (31).
Compare Eq. (31) and Eqs. (32-36), we find that
the non-perturbative contributions to JV V and JAA are
about one hundred times larger than the correspond-
ing perturbative terms. Their contributions to JV A/AV ,
JLL/LR;+, and JLL/LR;− are also significantly larger than
the corresponding perturbative terms; besides, these
three OPEs do not (well) converge. We also show
ΠLL(s0,M
2
B) in Fig. 3 as a function of the threshold
value s0, together with ΠV V , ΠAA, ΠV A/AV , ΠLL/LR;+,
and ΠLL/LR;−. We find that ΠLL(s0,M2B) is significantly
smaller than the others, especially in the low energy re-
gion.
Therefore, it is only ΠLL/LR/RL/RR(s0,M
2
B), the
sum rules obtained using JLL/LR/RL/RR, whose non-
perturbative contributions are small and whose OPE well
converges. This allows us to choose an abnormally small
s0 to perform further analyses in the next section.
IV. PHENOMENOLOGICAL ANALYSES
In this section we study the two-point correlation func-
tion ΠLL(s0,M
2
B) at the hadron level. To do this we
assume that JLL couples to the tetraquark state XLL
through
〈0|JLL|XLL〉 = fX , (37)
and those coupled by JLR/RL/RR are XLR/RL/RR, re-
spectively. Then we express Eq. (24) in the form of
the dispersion relation with a phenomenological spectral
function:
ΠLL(q
2) =
∫ ∞
0
ρphenLL (s)
s− q2 − iεds , (38)
70 0.2 0.4 0.6 0.8 1
0
-3
-2
-1
1
2
3
0
-3
-2
-1
1
2
3
s   [GeV  ]0
2
-8
1
0
LL/LR/RL/RR
LL/LR;+
LL/LR;-
VA/AV
1_
4
0 0.2 0.4 0.6 0.8 1
0
-30
-20
-10
10
20
30
0
-30
-20
-10
10
20
30
s   [GeV  ]0
2
-8
1
0
LL/LR;+
LL/LR;-VA/AV
AA
VV
1_
4
1_
4
1_
4
FIG. 3: The two-point correlation functions ΠLL/LR/RL/RR(s0,M
2
B) (solid),
1
4
ΠV V (s0,M
2
B) (long-dashed),
1
4
ΠAA(s0,M
2
B)
(long-dashed), 1
4
ΠV A/AV (s0,M
2
B) (short-dashed), 2ΠLL/LR;+(s0,M
2
B) (dotted), and 2ΠLL/LR;−(s0,M
2
B) (dotted), as functions
of the threshold value s0. These curves are obtained by setting M
2
B = 1 GeV
2. 1
4
ΠV V and
1
4
ΠAA are only shown in the right
panel, while the others are shown in both left and right panels.
where
ρphenLL (s) =
∑
n
δ(s−M2n)〈0|JLL|n〉〈n|J†LL|0〉 (39)
= f2Xδ(s−M2X) + higher states .
For the second equation we have adopted a parametriza-
tion of one pole dominance for the ground state XLL to-
gether with a continuum contribution. After performing
the Borel transformation on it, we obtain
Bq2→M2BΠLL(q
2) = f2Xe
−M2X/M2B + higher states . (40)
Comparing Eq. (26) at the quark-gluon level and
Eq. (40) at the hadron level, we can use the quark-hadron
duality to arrive at the sum rule equation
f2Xe
−M2X/M2B = ΠLL(s0,M2B) =
∫ s0
0
ρOPELL (s)e
−s/M2Bds ,
(41)
where we have approximated the contribution from con-
tinuum (higher) states by the spectral density of OPE
above the threshold value s0.
A. Mass Estimation
In this subsection we estimate MX , the mass of the
state XLL, using the sum rules given in Eq. (26). It
can be straightforwardly calculated by differentiating
Eq. (41) with respect to 1/M2B :
M2X =
∫ s0
0
sρOPELL (s) e
−s/M2Bds∫ s0
0
ρOPELL (s) e
−s/M2Bds
. (42)
Before calculating MX , we note that the method of QCD
sum rules is actually a non-perturbative method. Hence,
due to the very limited non-perturbative contributions,
the present mass estimation should be treated with cau-
tion. Moreover, it is not well determined how to choose
QCD sum rule parameters in the low energy region.
In the present study we just use those values listed in
Eqs. (30).
To extract MX through Eq. (42), we need to find
proper working regions for the two free parameters of
QCD sum rule method, the threshold value s0 and the
Borel mass MB . The first criterion is usually to inves-
tigate the convergence of the OPE series, which is the
cornerstone of a reliable QCD sum rule analysis. How-
ever, since all the [D > 6] terms vanish, the present OPE
already converges very well.
Then we investigate the one-pole-dominance assump-
tion by requiring the pole contribution (PC) to be larger
than 30%:
PC ≡
∣∣∣∣ΠLL(s0,M2B)ΠLL(∞,M2B)
∣∣∣∣ ≥ 30% . (43)
This criterion can be more or less satisfied when choosing
M2B . s0 in the low energy region. Accordingly, we show
MX in the left panel of Fig. 4 as a function of s0 = M
2
B
together. The mass of the X17, MX17 = 16.84 ± 0.16 ±
0.20 MeV [1, 2], can be arrived at by fine-tuning s0 and
M2B to be both around 500 MeV
2.
Finally, we choose s0 = 500 MeV
2, and use Eq. (43)
to determine M2B ≤ 450 MeV2. Using these two values
(s0 = 500 MeV
2 and M2B = 450 MeV
2), we obtain
MX = 17.3
+1.4
−1.7 MeV , (44)
where the uncertainty is estimated by choosing s0 =
500 ± 100 MeV2 and M2B = 450 ± 100 MeV2 as well
as using uncertainties of the QCD sum rule parameters
listed in Eqs. (30).
Therefore, our QCD sum rule results suggest it pos-
sible to interpret the X17 as a tetraquark state com-
posed of four bare quarks. Since the four tetraquark cur-
rents JLL/LR/RL/RR lead to the same sum rules given
in Eq. (26), these four bare quarks can be u¯LdLd¯LuL,
u¯LdLd¯RuR, u¯RdRd¯LuL, or u¯RdRd¯RuR. Neglecting the
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FIG. 4: The mass of the state XLL, MX , as a function of the threshold value s0 (middle) and the Borel mass MB (right)
individually, as well as s0 = M
2
B together (left). In the middle panel the short-dashed/solid/long-dashed curves are obtained
by setting M2B = 350/450/550 MeV
2, respectively. In the right panel the short-dashed/solid/long-dashed curves are obtained
by setting s0 = 400/500/600 MeV
2, respectively.
weak interaction, the Fierz transformations given in
Eqs. (20-23) tell that the first and fourth combinations
are similar, the second and third combinations are simi-
lar, but the first and second combinations are different:
XLL ∼ XRR  XLR ∼ XRL . (45)
Anyway, there can exist more than one states. Assuming
their existence, we shall study their production and de-
cay mechanisms in Sec. IV D and Sec. IV E, respectively.
We shall find the unique feature of this tetraquark as-
signment that we predict two almost degenerate states
with significantly different widths.
For completeness, we also show MX in Fig. 4 as a func-
tion of the threshold value s0 (middle) and the Borel mass
MB (right) individually. Its dependence on MB is weak
when M2B is around 450 MeV
2. It does depend (mod-
erately) on s0, but this is reasonable because the two
color-singlet u¯d and d¯u pairs can not be bound by the
very limited non-perturbative QCD contributions so far.
We shall further study this in the next subsection.
B. Binding Mechanism
In the previous subsection we have found that non-
perturbative QCD effects do not contribute much to the
tetraquark states XLL/LR/RL/RR coupled by the currents
JLL/LR/RL/RR. Then a natural question arises: what
force binds the two color-singlet u¯d and d¯u pairs?
To answer this, we use the “chiral” quark-antiquark
currents JL = u¯
a
Lγ
µdaL and JR = u¯
a
Rγ
µdaR to perform
QCD sum rule analyses. The sum rules obtained using
the former are:
ΠµνL (s0,M
2
B) = Bq2→M2BΠ
µν
L (q
2) (46)
≡ Bq2→M2B
[
i
∫
d4x eiqx 〈0|T
[
JµL(x)J
ν,†
L (0)
]
|0〉
]
≡
(
gµν − q
µqν
q2
)
·ΠL(s0,M2B) + · · ·
=
(
gµν − q
µqν
q2
)
×
(∫ s0
0
s
8pi2
e−s/M
2
B ds− 1
96pi2
〈g2cGG〉
− 1
M2B
(
1
12
mu +
1
12
md
)
〈gcq¯σGq〉
)
+ · · · .
The sum rules obtained using the latter are the same:
ΠµνL (s0,M
2
B) = Π
µν
R (s0,M
2
B) . (47)
Very quickly, we find that the non-perturbative term re-
lated to the gluon condensate 〈g2cGG〉 is non-zero.
Then it is interesting to find out why ΠLL(s0,M
2
B)
given in Eq. (26) does not contain such a term. To do
this we write the expression for the two-point correla-
tion function ΠµνL (x
2) before the Fourier-Borel transfor-
mations:
ΠµνL (x
2) ≡ 〈0|T
[
JµL(x)J
ν,†
L (0)
]
|0〉 (48)
=
(
−g
µν
2x6
+
xµxν
x8
)
· 3
pi4
+
(
gµν
2x2
+
xµxν
x4
)
· 〈g
2
cGG〉
384pi4
+ · · · .
Hence, ΠµνL (x
2) · ΠµνL (x2) ∼ ΠLL(x2) does not contain
a non-zero 〈g2cGG〉 term. Neither does its Fourier-Borel
transformed version ΠLL(s0,M
2
B). Note that ΠLL(x
2)
does contain a non-zero 〈g2cGG〉2 term, but the contribu-
tion of this term is at the same level as Fig. 6(l), which
we do not take into account in the present study (see
discussions below).
Using µ2
MS
= s0 = M
2
B = 1 GeV
2 and the QCD sum
rule parameters listed in Eqs. (30), we numerically cal-
culate Eq. (46) to be:
ΠL(s0 = M
2
B = 1 GeV
2) (49)
=
(
3.3 [LO]− 0.51 [D4]− 0.0086 [D6]
)
· 10−3 GeV4 .
We find that the non-perturbative 〈g2cGG〉 term is small
compared to the leading-order perturbative term.
9FIG. 5: The mass of the state XL, coupled by the “chiral”
quark-antiquark current JL = u¯
a
Lγµd
a
L, as a function of the
threshold value s0 and the Borel mass MB simultaneously.
However, let us assume that JL couples to some “chi-
ral” state XL (different from XLL studied in the previous
subsection), and follow the procedures used in the previ-
ous subsection to calculate its mass. As shown in Fig. 5
as a function of s0 and MB simultaneously, this mass has
a global minimum about 800 MeV. Therefore, although
the non-perturbative 〈g2cGG〉 term is small, its contri-
bution is not small. This indicates that the tetraquark
states XLL/LR/RL/RR can not simply fall apart into two
quark-antiquark pairs, so it is still the confinement that
binds the four quarks together.
(k) (l)
• • • • • •
FIG. 6: Next-to-next-to-leading-order (NNLO) Feynman dia-
grams for tetraquark interpolating currents. They account for
the residual strong interaction between the two color-singlet
u¯d and d¯u pairs, but are not calculated in the present study.
Then we investigate the interactions between the two
color-singlet u¯d and d¯u pairs, including the residual
strong interaction and the direct electromagnetic inter-
action. In the present study we do not calculate the com-
plicated next-to-next-to-leading-order (NNLO) Feynman
diagrams shown in Fig. 6, which account for the residual
strong interaction between the u¯d and d¯u pairs. How-
ever, it is well known that the binding energy of the
deuteron is Estrong = −2.22 MeV, which is also caused
by the nuclear force aka residual strong interaction. Be-
sides, we can use r ≈ 1 fm to estimate the direct electro-
magnetic interaction between the u¯d and d¯u pairs to be
Eelectromagnetic ≈ −1.4 MeV.
Therefore, the total binding energy between the two
color-singlet u¯d and d¯u pairs inside the tetraquark states
XLL/LR/RL/RR is at the MeV level (given that these
two pairs are bound), that is at the same level as the
non-perturbative QCD terms contained in Eq. (26). Al-
together, we can roughly estimate the binding energy
among the four bare quarks to be also at the MeV level
(given that these four bare quarks are bound). This
makes it possible to produce an attractive potential, al-
though much smaller than the sombrero-shape potential
accounting for the spontaneous breaking of chiral sym-
metry, it can also provide a metastable equilibrium for
the four bare quarks. This is the reason why we call
XLL/LR/RL/RR the tetraquark states composed of “bare
quarks”. Assuming their existence, we shall study their
production and decay mechanisms in the next three sub-
sections.
C. (Self-)Interactions
Assuming the existence of the tetraquark states
XLL/LR/RL/RR composed of bare quarks, we study
their interactions with the nucleus as well as their self-
interactions in this subsection.
Firstly, we study the correlation functions between the
tetraquark currents JLL/LR/RL/RR and the quark con-
densates. There are no interactions between JLL and the
quark condensates:
ΠLL−〈q¯q〉(q2) (50)
≡ i
∫
d4x eiqx 〈0|T
[
JLL(x)
(
u¯(0)u(0)
)]
|0〉
= 0 ,
ΠLL−〈q¯q〉2(q2) (51)
≡ i
∫
d4x eiqx 〈0|T
[
JLL(x)
(
u¯(0)u(0)d¯(0)d(0)
)]
|0〉
= 0 ,
while JLR interacts closely with the quark condensates:
ΠLR−〈q¯q〉(q2) (52)
≡ i
∫
d4x eiqx 〈0|T
[
JLR(x)
(
u¯(0)u(0)
)]
|0〉
=
3〈q¯q〉
16pi2
q2 ln(
−q2
µ2
MS
) +
〈g2cGG〉〈q¯q〉
64pi2
1
q2
+
8piαs〈q¯q〉3
9
1
q4
,
ΠLR−〈q¯q〉2(q2) (53)
≡ i
∫
d4x eiqx 〈0|T
[
JLR(x)
(
u¯(0)u(0)d¯(0)d(0)
)]
|0〉
=
1
491520pi6
q8 ln(
−q2
µ2
MS
) +
〈g2cGG〉
24576pi6
q4 ln(
−q2
µ2
MS
)
−〈q¯q〉
2
96pi2
q2 ln(
−q2
µ2
MS
)− 〈q¯q〉〈gcq¯σGq〉
96pi2
ln(
−q2
µ2
MS
)
+
1
q2
(
−〈gcq¯σGq〉
2
768pi2
− 〈g
2
cGG〉〈q¯q〉2
1152pi2
)
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+
1
q4
(
−4piαs〈q¯q〉
4
81
− 〈g
2
cGG〉〈q¯q〉〈gcq¯σGq〉
2304pi2
)
.
In the above expressions, we have used zero current quark
masses (mu/d → 0). The results for JRR are the same as
JLL, and those for JRL are the same as JLR. Eqs. (50-53)
indicate that the two states XLL and XRR are possibly
produced more easily than the other two XLR and XRL.
Secondly, because the diagonal correlation function
ΠLL given in Eq. (26) only contains the very limited
non-perturbative QCD contributions, it is interesting to
compare it with the off-diagonal correlation functions:
Π =
 ΠLL ΠLL−LR ΠLL−RL ΠLL−RRΠLR−LL ΠLR ΠLR−RL ΠLR−RRΠRL−LL ΠRL−LR ΠRL ΠRL−RR
ΠRR−LL ΠRR−LR ΠRR−RL ΠRR
 ,
(54)
where
Πi−j(q2) ≡ i
∫
d4x eiqx 〈0|T
[
Ji(x)J
†
j (0)
]
|0〉 . (55)
All the matrix elements have been given in Appendix A,
where the four diagonal elements are the same,
ΠLL = ΠLR = ΠRL = ΠRR ,
and the six off-diagonal elements are divided into two
groups,
ΠLL−LR = ΠLL−RL = ΠRR−LR = ΠRR−RL ,
ΠLL−RR = ΠLR−RL .
Using µ2
MS
= s0 = M
2
B = 1 GeV
2 and the QCD sum
rule parameters listed in Eqs. (30), we numerically cal-
culate Eq. (54) to be:
Π =
 3.1 −67 −67 20−67 3.1 20 −67−67 20 3.1 −67
20 −67 −67 3.1
 · 10−9 GeV10 . (56)
The off-diagonal correlation functions among
JLL/LR/RL/RR are quite large, suggesting that the
four states XLL/LR/RL/RR are highly mixed together.
However, if the chiral symmetry is restored so that the
quark condensate vanishes (〈q¯q〉 → 0), Eq. (54) becomes
(the other parameters remain unchanged):
Π =
 2.8 0 0 00 2.8 0 00 0 2.8 0
0 0 0 2.8
 · 10−9 GeV10 . (57)
The four diagonal elements are nearly the same, but the
six off-diagonal elements all vanish. This suggests that
XLL/LR/RL/RR are different states, and there can exist
as many as four degenerate states.
From Eqs. (52), (53), (56), and (57), we quickly realize
that the production/existence of the tetraquark states
XLL/LR/RL/RR is closely related to the chiral symme-
try restoration, which will be further studied in the next
subsection.
D. Production Mechanism
Assuming the existence of the tetraquark states
XLL/LR/RL/RR composed of bare quarks, we study their
production mechanism in this subsection. We only con-
sider the state XLL coupled by the current JLL, while
the other three can be similarly investigated.
There are three well-known nuclear decay processes,
the α-, β-, and γ-decays. During these processes, the ex-
tra energy of the nucleus is (partly) taken away by an α
particle, a down quark changing to an up quark and at
the same time emitting an electron and a neutrino, and a
photon, respectively. Besides them, there are a tremen-
dous amount of sea quarks inside the proton and neutron,
so it is interesting to investigate whether these sea quarks
can also take away the extra energy, and induce a new
type of nuclear decay process.
neutron
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FIG. 7: Production mechanism of the tetraquark state XLL
coupled by the tetraquark current JLL = u¯
a
Lγµd
a
L d¯
b
Lγ
µubL.
To study this, we consider the hypothetical nuclear de-
cay process depicted in Fig. 7, that is also the production
process of the tetraquark state XLL coupled by JLL. The
conditions for this process to happen are:
• The two color-singlet u¯d and d¯u pairs must acquire
enough energy, but not too much so that they are
not bound any more;
• Their spins and chiralities must satisfy certain con-
ditions, so that non-perturbative QCD effects do
not contribute much;
• They must meet each other at boundaries of the
proton and neutron.
Then we use the general quantum tunneling formula to
estimate the probability for the u¯d and d¯u pairs to travel
out of the neutron and proton together:
(P)2 ≈
(
16E(V0 − E)
V 20
e−
2a
~
√
2µ(V0−E)
)2
≈ 25% , (58)
where we have used µ ≈ E ≈ MX/2 ≈ 8.5 MeV and
a ≈ 1 fm, and assumed the potential barrier to be V0 ≈
Tc = 154± 9 MeV [61, 62].
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Therefore, it is possible for the process depicted in
Fig. 7 to happen, although we are not able to estimate
its production rate. We argue that the Atomki experi-
ments [1, 2] might observe such a nuclear decay process.
This process is similar to the evaporation or the sub-
limation process in some aspects: the color-singlet u¯d
and d¯u (sea-quark) pairs are tightly confined inside the
neutron and proton, while it is still possible for them
to escape after absorbing enough energy, even when the
critical temperature of chiral symmetry restoration is not
reached.
E. Decay Mechanism
Assuming the existence of the tetraquark states
XLL/LR/RL/RR composed of bare quarks, we study their
decay mechanism in this subsection. We only consider
the two states XLL and XLR coupled by the currents
JLL and JLR, while the other two can be similarly inves-
tigated.
To do this we use Eqs. (20-21) previously obtained us-
ing the Fierz transformation,
JLL = u¯
a
Lγµd
a
L d¯
b
Lγ
µubL → u¯aLγµubL d¯bLγµdaL ,
JLR = u¯
a
Lγµd
a
L d¯
b
Rγ
µubR → −2 u¯aLubR d¯bRdaL ,
to study the two hypothetical decay processes depicted
in Fig. 8:
• Left panel: when the state XLL decays, first the
uL and u¯L pair annihilates each other into a gluon,
then the dL and d¯L pair absorbs this gluon and
annihilates each other into a photon, and finally
this photon decays to an electron and a positron.
There are both strong and electromagnetic pro-
cesses in this decay. As we know, Γ(ρ → e+e−) =
7.04 ± 0.06 keV and Γ(ω → e+e−) = 0.60 ±
0.02 keV [63], etc. Accordingly, we roughly es-
timate the width of XLL to be at the eV level
through,
Γ(XLL → e+e−) (59)
∼ σ(e
+e− → ρ+ others)
σ(e+e− → hadrons; s = m2ρ)
× Γ(ρ→ e+e−) ,
and
∼ σ(e
+e− → ω + others)
σ(e+e− → hadrons; s = m2ω)
× Γ(ω → e+e−) .
• Right panel: the decay process XLR → e+e− is a
bit different from the above one. Here the annihi-
lation of the uR and u¯L pair is suppressed, and so
does the annihilation of the dL and d¯R pair. There-
fore, the width of XLR is significantly smaller than
XLL, with the factor possibly being(
mumd
s0
)2
∼ 10−3 , (60)
or even smaller. Here s0 = 500 MeV
2 is the thresh-
old value previously used in Sec. IV A.
Note that the above estimations are rather rough, and
can differ much from the realistic values. Besides, in the
present study we do not consider the weak interaction,
which makes the two states XLL and XRR slightly dif-
ferent from each other.
V. SUMMARY AND CONCLUSION
In this paper we investigate the possible existence of
tetraquark states composed of bare quarks, and study the
possible assignment of the X17 as such a state. Based
on our previous QCD sum rule studies [44–48], we find
two interpolating tetraquark currents
JLL = u¯
a
Lγµd
a
L d¯
b
Lγ
µubL ,
JLR = u¯
a
Lγµd
a
L d¯
b
Rγ
µubR ,
as well as their chiral partners
JRL = u¯
a
Rγµd
a
R d¯
b
Lγ
µubL ,
JRR = u¯
a
Rγµd
a
R d¯
b
Rγ
µubR .
We calculate their two-point correlation functions using
the method of operator product expansion, and the re-
sults turn out to be the same, indicating there can exist
as many as four degenerate states.
We find that all the non-perturbative QCD terms van-
ish in the limit of zero current quark masses, so non-
perturbative QCD effects do not contribute much to
them. As we know, masses of hadrons are always sig-
nificantly larger than masses of their valence quarks in-
side, and the extra masses are mainly responsible by
the non-perturbative nature of strong interaction in the
low energy region. Considering this, our results indicate
the possible existence of tetraquark states that have ab-
normal masses significantly smaller than normal hadron
masses at the GeV level.
We assume that the tetraquark currents
JLL/LR/RL/RR couple to the tetraquark states
XLL/LR/RL/RR, and use the method of QCD sum
rules to estimate their masses to be
MX = 17.3
+1.4
−1.7 MeV .
Note that this estimation should be treated with caution,
because the method of QCD sum rules is actually a non-
perturbative method, and in this case there are not so
large non-perturbative contributions.
The above abnormally small mass value suggests it
possible to interpret the X17 as a tetraquark state com-
posed of four bare quarks. Since it can be separated into
two color-singlet quark-antiquark pairs, we also study
these two components using the same method of QCD
sum rules, but find both of them to have a mass min-
imum about 800 MeV. Therefore, this tetraquark state
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FIG. 8: Decay mechanism of the tetraquark states XLL (left) and XLR (right), coupled by the tetraquark currents JLL =
u¯aLγµd
a
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µubL and JLR = u¯
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a
L d¯
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µubR, respectively.
can not simply fall apart into two quark-antiquark pairs,
and it is still the confinement that binds the four quarks
together. Besides, our results indicate that the produc-
tion/existence of this tetraquark state is closely related
to the chiral symmetry restoration.
Based on the tetraquark picture, we study the pro-
duction process depicted in Fig. 7. We argue that the
Atomki experiments [1, 2] might observe a new type of
nuclear decay process, where sea quarks take away the
extra energy of the nucleus. This process is similar to
the evaporation or the sublimation process in some as-
pects: the color-singlet u¯d and d¯u (sea-quark) pairs are
tightly confined inside the neutron and proton, while it is
still possible for them to escape after absorbing enough
energy, even when the critical temperature of chiral sym-
metry restoration is not reached.
Based on the tetraquark picture, we also study the
decay processes depicted in Fig. 8. The widths of XLL
and XRR are roughly estimated to be at the eV level,
while those of XLR and XRL to be significantly smaller.
Therefore, we obtain a unique feature of our tetraquark
assignment that we predict two almost degenerate states
with significantly different widths. We notice that the
two Atomki experiments did observe significantly differ-
ent widths Γ ≈ 0.07 eV [1] and Γ ≈ 3.9×10−5 eV [2], but
this may just be caused by some unknown experimental
reasons. To verify the present tetraquark assignment,
we propose to search for the two degenerate structures
simultaneously.
Before ending this paper, we would like to briefly dis-
cuss whether this tetraquark state is made by two quark-
antiquark pairs ([q¯q][q¯q]) or one diquark-antidiquark pair
([qq][q¯q¯]). In the present study we have used the former,
but it can be transformed to the latter through the Fierz
transformation:
JLL = u¯
a
Lγµd
a
L d¯
b
Lγ
µubL → 2 u¯aLCd¯bTL ubTL CdaL , (61)
JLR = u¯
a
Lγµd
a
L d¯
b
Rγ
µubR → −u¯aLγµCd¯bTR ubTR CγµdaL ,
JRL = u¯
a
Rγµd
a
R d¯
b
Lγ
µubL → −u¯aRγµCd¯bTL ubTL CγµdaR ,
JRR = u¯
a
Rγµd
a
R d¯
b
Rγ
µubR → 2 u¯aRCd¯bTR ubTR CdaR ,
where C is the charge-conjugation operator. Hence, the
latter diquark-antidiquark combination is also possible
within our framework, while some of the discussions in
Sec. IV B need to be accordingly modified.
Finally, we give a note here. In this paper we study
the possible assignment of the X17 as a tetraquark state
composed of bare quarks. There have been many other
possible explanations [5–43], and the present one pro-
vides an alternative assignment. In this assignment the
X17 behaves as the “singular point” of the QCD sum
rule method. However, it could be the case that: a) the
realistic “singular point” of the strong interaction does
not exist, and b) the realistic one does exist, but differ-
ent from the present QCD sum rule “singular point”. To
verify this, further experimental studies and other theo-
retical studies are definitely needed.
Appendix A: QCD sum rule expressions
In this appendix we list the QCD sum rule expressions calculated in this paper. Our calculations are partly
performed using the software Mathematica with the package FeynCalc [64].
First we give a more detailed expression for the sum rules obtained using the tetraquark current JLL:
ΠLL(s0,M
2
B) = Bq2→M2BΠLL(q
2) ≡ Bq2→M2B
[
i
∫
d4x eiqx 〈0|T
[
J(x)LLJ
†
LL(0)
]
|0〉
]
(A1)
=
∫ s0
0
(
s4
81920pi6
(
1 +
αs
pi
(
57
5
+ 2 ln
[
µ2
MS
s
]))
+
s3
2048pi6
(
−m2u −m2d
)
13
+
s2
256pi4
((
mu +md
)
〈q¯q〉+ 3
4pi2
(
m4u + 4m
2
um
2
d +m
4
d
))
+
s
256pi4
((
mu +md
)
〈gcq¯σGq〉 −
(
6m3u + 12m
2
umd + 12mum
2
d + 6m
3
d
)
〈q¯q〉 − 9
pi2
(
m4um
2
d +m
2
um
4
d
))
+
1
128pi4
((
6m4umd + 12m
3
um
2
d + 12m
2
um
3
d + 6mum
4
d
)
〈q¯q〉+
(
2m2u + 8mumd + 2m
2
d
)
pi2〈q¯q〉2
−
(
m3u + 2m
2
umd + 2mum
2
d +m
3
d
)
〈gcq¯σGq〉+ 9
2pi2
m4um
4
d
))
e−s/M
2
B ds
+
1
128pi4
(
−
(
6m4um
3
d + 6m
3
um
4
d
)
〈q¯q〉 −
(
8m3umd + 8m
2
um
2
d + 8mum
3
d
)
pi2〈q¯q〉2
+
(
m4umd + 2m
3
um
2
d + 2m
2
um
3
d +mum
4
d
)
〈gcq¯σGq〉+
(2
3
m2u +
8
3
mumd +
2
3
m2d
)
pi2〈q¯q〉〈gcq¯σGq〉
)
− 1
128pi4M2B
((
2m4um
2
d + 8m
3
um
3
d + 2m
2
um
4
d
)
pi2〈q¯q〉2 +
(8
3
m2umd +
8
3
mum
2
d
)
pi4〈q¯q〉3
−
(
m4um
3
d +m
3
um
4
d
)
〈gcq¯σGq〉+
( 1
18
m2u +
2
9
mumd +
1
18
m2d
)
pi2〈gcq¯σGq〉2
−
(8
3
m3umd +
8
3
m2um
2
d +
8
3
mum
3
d
)
pi2〈q¯q〉〈gcq¯σGq〉
)
+ · · · .
The sum rules obtained using the other three tetraquark currents JLR/RL/RR are the same:
ΠLL(s0,M
2
B) = ΠLR(s0,M
2
B) = ΠRL(s0,M
2
B) = ΠRR(s0,M
2
B) . (A2)
Because we do not keep all the O(m2q) terms in the quark propagator given in Eq. (25), we do not use this long
expression in the present study.
We also give the sum rules for the off-diagonal correlation functions among the four tetraquark currents JLL, JLR,
JRL, and JRR, as well as the sum rules obtained using the eight tetraquark currents JV V , JAA, JV A, JAV , JLL;+,
JLL;−, JLR;+, and JLR;−. For these sum rules, we keep the terms up to the O(mq) order, and omit all the disconnected
diagrams and most of the next-to-leading-order terms except Fig. 2(h−8).
The sum rules for the off-diagonal correlation function between the tetraquark currents JLL and JLR are:
ΠLL−LR(s0,M2B) = Bq2→M2BΠLL−LR(q
2) ≡ Bq2→M2B
[
i
∫
d4x eiqx 〈0|T
[
JLL(x)J
†
LR(0)
]
|0〉
]
(A3)
=
∫ s0
0
(
s2
512pi4
(
−mu −md
)
〈q¯q〉+ s
1024pi4
(
16pi2〈q¯q〉2 −
(
3mu + 3md
)
〈gcq¯σGq〉
)
+
1
1024pi4
(
16pi2〈q¯q〉〈gcq¯σGq〉+
(
mu +md
)
〈g2cGG〉〈q¯q〉
))
e−s/M
2
B ds
+
1
4096pi4
(
8pi2〈gcq¯σGq〉2 − 16pi
2
3
〈g2cGG〉〈q¯q〉2 +
(256
3
mu +
256
3
md
)
pi4〈q¯q〉3 +
(
mu +md
)
〈g2cGG〉〈gcq¯σGq〉
)
− 1
M2B
(
− 1
1536pi2
〈g2cGG〉〈q¯q〉〈gcq¯σGq〉+
( 1
72
mu +
1
72
md
)
〈q¯q〉2〈gcq¯σGq〉
)
+ · · · .
We obtain identical sum rules for the following off-diagonal correlation functions:
ΠLL−LR(s0,M2B) = ΠLL−RL(s0,M
2
B) = ΠRR−LR(s0,M
2
B) = ΠRR−RL(s0,M
2
B) . (A4)
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The sum rules for the off-diagonal correlation function between the tetraquark currents JLL and JRR are:
ΠLL−RR(s0,M2B) = Bq2→M2BΠLL−RR(q
2) ≡ Bq2→M2B
[
i
∫
d4x eiqx 〈0|T
[
JLL(x)J
†
RR(0)
]
|0〉
]
(A5)
=
(
− 1
6
mu − 1
6
md
)
〈q¯q〉3 − 1
M2B
(
− 8piαs
27
〈q¯q〉4 −
(1
8
mu +
1
8
md
)
〈q¯q〉2〈gcq¯σGq〉
)
+ · · · .
We obtain identical sum rules for the off-diagonal correlation function between JLR and JRL:
ΠLL−RR(s0,M2B) = ΠLR−RL(s0,M
2
B) . (A6)
The sum rules obtained using the tetraquark current JV V are:
ΠV V (s0,M
2
B) = Bq2→M2BΠV V (q
2) (A7)
=
∫ s0
0
(
s4
20480pi6
+
s
128pi4
(
16pi2〈q¯q〉2 −
(
mu +md
)
〈gcq¯σGq〉
)
+
1
128pi4
(
16pi2〈q¯q〉〈gcq¯σGq〉+
(
mu +md
)
〈g2cGG〉〈q¯q〉
))
e−s/M
2
B ds
+
1
512pi4
(
8pi2〈gcq¯σGq〉2 − 16pi
2
3
〈g2cGG〉〈q¯q〉2 −
(
256mu + 256md
)
pi4〈q¯q〉3 +
(
mu +md
)
〈g2cGG〉〈gcq¯σGq〉
)
− 1
M2B
(
− 1
192pi2
〈g2cGG〉〈q¯q〉〈gcq¯σGq〉 −
32piαs
27
〈q¯q〉4 −
( 7
18
mu +
7
18
md
)
〈q¯q〉2〈gcq¯σGq〉
)
+ · · · .
The sum rules obtained using the tetraquark current JAA are:
ΠAA(s0,M
2
B) = Bq2→M2BΠAA(q
2) (A8)
=
∫ s0
0
(
s4
20480pi6
+
s2
32pi4
(
mu +md
)
〈q¯q〉+ s
128pi4
(
− 16pi2〈q¯q〉2 +
(
5mu + 5md
)
〈gcq¯σGq〉
)
+
1
128pi4
(
− 16pi2〈q¯q〉〈gcq¯σGq〉 −
(
mu +md
)
〈g2cGG〉〈q¯q〉
))
e−s/M
2
B ds
+
1
512pi4
(
− 8pi2〈gcq¯σGq〉2 + 16pi
2
3
〈g2cGG〉〈q¯q〉2 −
(
mu +md
)1280pi4
3
〈q¯q〉3 −
(
mu +md
)
〈g2cGG〉〈gcq¯σGq〉
)
− 1
M2B
(
1
192pi2
〈g2cGG〉〈q¯q〉〈gcq¯σGq〉 −
32piαs
27
〈q¯q〉4 −
(11
18
mu +
11
18
md
)
〈q¯q〉2〈gcq¯σGq〉
)
+ · · · .
The sum rules obtained using the tetraquark currents JV A and JAV are the same:
ΠV A(s0,M
2
B) = ΠAV (s0,M
2
B) (A9)
=
∫ s0
0
(
s4
20480pi6
+
s2
64pi4
(
mu +md
)
〈q¯q〉+ s
64pi4
(
mu +md
)
〈gcq¯σGq〉
)
e−s/M
2
B ds
+
(2
3
mu +
2
3
md
)
〈q¯q〉3 − 1
M2B
(
32piαs
27
〈q¯q〉4 +
(1
2
mu +
1
2
md
)
〈q¯q〉2〈gcq¯σGq〉
)
+ · · · .
The sum rules obtained using the tetraquark currents JLL;+ and JLR;+ are the same:
ΠLL;+(s0,M
2
B) = ΠLR;+(s0,M
2
B) (A10)
=
∫ s0
0
(
s4
163840pi6
+
s2
512pi4
(
mu +md
)
〈q¯q〉+ s
512pi4
(
mu +md
)
〈gcq¯σGq〉
)
e−s/M
2
B ds
+
(
− 1
12
mu − 1
12
md
)
〈q¯q〉3 − 1
M2B
(
− 4piαs
27
〈q¯q〉4 −
( 1
16
mu +
1
16
md
)
〈q¯q〉2〈gcq¯σGq〉
)
+ · · · .
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The sum rules obtained using the tetraquark currents JLL;− and JLR;− are the same:
ΠLL;−(s0,M2B) = ΠLR;−(s0,M
2
B) (A11)
=
∫ s0
0
(
s4
163840pi6
+
s2
512pi4
(
mu +md
)
〈q¯q〉+ s
512pi4
(
mu +md
)
〈gcq¯σGq〉
)
e−s/M
2
B ds
+
( 1
12
mu +
1
12
md
)
〈q¯q〉3 − 1
M2B
(
4piαs
27
〈q¯q〉4 +
( 1
16
mu +
1
16
md
)
〈q¯q〉2〈gcq¯σGq〉
)
+ · · · .
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